The yeast Hansenula wingei is a favourable organism for study of the physiology of the conjugation process (cell fusion). Microscopic observations on fusion are presented which reveal that the mating cells in contact fuse by a softening of the cell wall, followed by formation of a conjugation tube, dissolution of the cross-walls between them, and formation of a new bud a t the point of juncture of the two cells.
INTRODUCTION
The physiology of reproduction in fungi was reviewed by Hawker in 1957. It is clear from this review how meagre is knowledge of the biochemical processes involved in reproduction, In particular, there has been no analysis of the physiological processes involved in cell fusion, the first step in the mating cycle in fungi and most other organisms. As Hawker emphasized, the higher fungi are not suitable for such an analysis, partly because they are difficult to handle and partly because differentiation of cells into various types, some involved in mating and some not, makes an analysis at the cellular level difficult.
The yeasts would seem to be more favourable material for such studies. In a sexually reproducing yeast each cell may function either in vegetative growth or in mating. In the heterothallic yeasts, two mating types occur, genetically determined, which can be kept in culture indefinitely as haploid strains. Mating can then be induced a t will by mixing the two mating types.
The only earlier work on mating in yeast is that of Nickerson & Thimann (1941 , 1943 . The present work is an outgrowth of studies on the nature of the mating 
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'r. D. BROCK in that cells of the two mating types exhibit an extremely strong attraction for each other, so that when mixed in mass culture, a marked agglutination occurs. Analysis of the nature of the attractive forces (Brock, 1959a, b) showed that one mating type, strain 5, possesses a specific carbohydrate on its cell wall, whereas the other mating type, strain 21, possesses a specific protein. Mating agglutination is due to a combination between these complementary macromolecules, analogous to a reaction between an antibody and antigen. Because of the strong attraction between the mating types, cells can be mixed and remain in contact throughout extensive aeration and other physiological manipulation, and during this time cell fusion occurs. It has thus been possible to examine some of the factors involved in the fusion process. Preliminary accounts of this work have been given (Brock, 1959c, d) .
METHODS
Strains used. The yeasts used in this study were supplied by Dr L. J. Wickerham, U.S. Department of Agriculture, Peoria, Illinois, U.S.A. They were Hansenula wingei NRRL Y-2340, strains 5 and 21, which were the agglutinative mating types.
Growth of cells. The cells were grown in liquid medium of the following composition: glucose 30g., yeast extract Difco (Detroit, Michigan, U.S.A.) 7 g., KH,PO, 5 g., in 1000 ml. distilled water. This medium was dispensed in 100 ml. amounts into 500 ml. Erlenmeyer flasks, autoclrived 15 min., 121", and inoculated with cells from stock agar slopes. The flasks were then placed on a reciprocating shaker and incubated for 18 hr. a t 30". The cells were harvested by centrifugation, washed twice with distilled water and suspendeld in distilled water a t the same cell concentration as in the growth medium.
Cell fusion assay. (Fig. 1) . In the first 1-1Q hr. the cells in contact showed no visible behaviour. By 2 hr. many of the paired cells showed conjugation tubes. These tubes were observed to form by an extension of the portion of each cell at the point where it touched its mate. It should be emphasized that a t no time were conjugation tubes observed to be formed by growth together of two separated cells, but always by an extension of each of the two cells in contact. In effect, the formation of the conjugation tube was due to each cell pushing its main body away from its mate. The conjugation tube appeared to result from a softening of the cell wall. In Saccharomyces cmmisiae Levi (1956) observed conjugation processes between cells not in contact, implying that some extracellular substance induced the process. There was no evidence for such a situation with the organism used in the present work.
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At first the cross-walls between the two cells remained intact. At about 2 hr. the cross-walls disappeared. This occurred during a short period of time and was often missed. In one case the cross-walls disappeared within a 10 min. period.
Shortly after the cross-walls disappeared, a small bud formed a t the mid-point of the conjugation tube and a t a right angle to it. It is assumed that the bud formed here because this was the softest part of the wall. This small bud grew rapidly and by 3 hr. appeared to be fully grown. Shortly after 3 hr. a wall between this bud and the parent cells was quickly formed, often being complete in 5-10 min. This new bud always seemed longer than either of the parent cells, often appearing moderately filamentous. After enlarging fully this first bud could then form new buds, usually from the tip. Later, this bud on the conjugation tube might become completely detached from the parents.
Later, the parent cells often budded individually from locations far removed from the conjugation tube. These buds were morphologically similar to the parents, rather than elongated like the conjugation tube bud. Nothing is known about the nuclear phenomena in the mating process, and no bodies which could definitely be called nuclei were seen. It is assumed that after the cross-wall in the conjugation tube dissolves, nuclei from each parent can move into the tube and either fuse or remain separate. In either case there must be nuclear migration into the bud which forms off the conjugation tube, and this new bud must acquire nuclear material from both parents. Preliminary genetic evidence (Herman, 1959) suggests that the hybrids from matings possess characteristics of both strains but may be heterocaryons instead of true diploids.
In the physiological studies which follow, the only process under consideration is cell fusion and the formation of conjugation tubes. Later stages of growth of the mated cells are not considered and probably do not occur, since the medium used in most studies is inadequate for growth.
Physiology of conjugation
A preliminary experiment was made to determine the time course of conjugation under the conditions selected. In this experiment the conjugation medium was the growth medium. As shown in Table 1 
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The effect of various nutrient factors on conjugation was studied next, and the results are in Table 2 . In all cases except with water the cells remained firmly clumped throughout the incubation period on the shaker; the cells in water, however, no longer remained agglutinated. This is in line with previous observations that cations are necessary for agglutination. Therefore, in all subsequent experiments 0.1 % (w/v) MgSO,. 7H,O was present in the conjugation medium. Further data in Table 2 indicate that no conjugation occurred unless glucose was present; neither yeast-extract nor casein hydrolysate replaced glucose. An added nitrogen source was not necessary for conjugation. No growth occurred in this simple medium as shown by the following experiment. Cells of each strain were suspended separately in the conjugation medium and incubated for 5 hr., then samples removed and examined under the microscope. The number of single cells, budding cells, unequal pairs and equal pairs were counted (Campbell, 1957) to indicate whether growth had occurred; the total count was also Table 4 shows that there was neither an increase in total numbers of cells nor an increase in number of budding cells. The number of buds and pairs decreased, while the number of single cells increased. The increase in number of single cells indicates that cell separation was the main process which occurred in this non-growth medium. Both cell types must function in the conjugation process; this was shown in several ways. The antibiotic cycloheximide (Actidione ; The Upjohn Co., Kalamazoo, Michigan, U.S.A.) completely inhibited conjugation a t concentrations which inhibited growth. The wild-type cells were completely inhibited by cyclohexirnide 0.5 ,ug./ml. Antibiotic-resistant mutants were isolated from both mating types by periodic transfer to agar containing increasing concentrations of cycloheximide until mutants resistant to 100 pg./rnl. were obtained. (These strains were isolated by Miss Alberta Herman and Mr D. Hunt.) The resistant mutants agglutinated and conjugated normally, both with each other and with wild-type cells. Table 5 shows the results when these mutants were mated with wild types in all combinations, with and without cycloheximide. Conjugation occurred in the presence of cycloheximide only when both strains were resistant, indicating that both strains must function for conjugation to occur. This same conclusion can be drawn from the action of ultraviolet (u.v.) radiation on the conjugation process. Washed cells of both strains were irradiated under a General Electric germicidal lamp at a distance of 15 cm. The cell suspensions were Crmjyation process in the yeast Kansenula wingei 493 5 ml. amounts in flat-bottom Petri dishes and were agitated continually during irradiation. These irradiated samples were then mated with unirradiated cells of the opposite type and conjugation allowed to occur. All operations were carried out in subdued light or in darkess to avoid photo-reactivation. As can be seen from Table 6 , conjugation was quickly affected by short exposures to U.V. radiation. Viable counts of these irradiated cells indicated that ability to form colonies decreased a t roughly the same rate as did ability to conjugate. These results also indicate that both types must function in the conjugation process. The action of a number of metabolic inhibitors is presented in Table 7 , showing that the usual metabolic inhibitors prevented conjugation. Because of the marked morphological changes which occur during conjugation, it seems reasonable to assume that in each cell type there is the synthesis of an enzyme(s) which softens and eventually dissolves the wall between the cells. If enzymes are synthesized for this process, they might be inducible and might be synthesized de novo from constituents of the cell. It was shown by Spiegelman & HaIvorson (1953) that induced enzyme synthesis in Saccharomyces makes use of the free amino acid pool of the cells for the materials needed for protein synthesis. Several experiments were therefore made to see whether the free amino acid pool is necessary for conjugation in Hansenula wingei. Although no quantitative determinations were made, this organism was found to possess an extensive amino acid pool which was extractable by hot water and which reacted with ninhydrin. This pool 494 T. D. BROCK was diminished effectively by starvation of the cells by aeration in 1 yo (w/v) glucose +0*05~-phosphate buffer (pH 5.7'). After aeration for 4 hr. there was no more ninhydrin-reacting material extractable by hot water remaining in the cells. Table 8 shows qualitatively the amino acid pool of these starved cells and the ability of starved cells to conjugate. These :results show that starvation to decrease the free amino acid pool also decreased the number of conjugants, although the pool seemed to diminish faster than did the ability to conjugate. Spiegelman & Halvorson (1958) showed that a considerable degree of induced enzyme synthesis occurred even after there was no detectable amino acid pool. Another experiment which confirmed the above results made use of the amino acid analogues p-fluorophenyl-alanine and ethionine which are specific antagonists of phenylalanine and methionine, respectively. Table 9 shows the effect of these substances. From a consideration of these results, the following hypothesis seems tenable. When the two mating types are brought together, there is a reciprocal induction in each type by its opposite mating type of an enzyme which softens and eventually digests its own cell wall. Thus the two cells form a conjugation tube between them, and eventually their cytoplasms mix and fusion is completed. The enzyme which is induced may be similar to, or identical with, the normal budding enzyme responsible Conjugation process in the yeast Hansenula wingei 495
for the small hole in the yeast wall through which the bud develops (Nickerson & Falcone, 1956 
DISCUSSION
These studies have revealed a number of new points about the process of conjugation. In the following discussion, conjugation is defined as the process of cell fusion and implies nothing about nuclear interactions or other related events.
In Hamenula wingei conjugation occurs only when the two cells of the mating pair are in contact with each other. Conjugation will occur in the absence of growth, in a medium containing only an energy source, magnesium sulphate and potassium phosphate. The addition of nitrogenous compounds is of no benefit to the fusion process, Inhibitors which prevent energy metabolism prevent the fusion process.
Both cell types must function in the fusion process, and fusion will be inhibited when either of the two cells of the mating pair is treated with U.V. radiation or with cycloheximide. The process therefore differs from mating in Escherichia coEi (Wollman, Jacob & Hayes, 1956) which appears to require only one of the mating pairs, the DNA donor, to be active.
Synthesis of new protein is required for fusion to occur, and this synthesis of protein can be inhibited by amino acid analogues. The precursors for the synthesis of 496 T. D. BROCK this new protein probably come from the free amino acid pool. It seems reasonable to assume that the new protein synthesized is a wall-softening enzyme, the synthesis of which is induced in each cell by contact with its mate. Evidence for this enzyme has been advanced by showing that when a cell is in contact with an u.v.-treated cell of the opposite type, the untreated cell is induced to bud, whereas new buds do not normally occur in the conjugation medium. The hypothesis is that the wall-softening enzyme presumed to be involved in cell fusion is similar to, or identical with, that involved in normal budding, and that during conjugation it is synthesized in large amounts, its action being localized at the point of contact of the mating cells. Thus conjugation can be viewed as an extension of the normal budding process. The fact that the first bud of the conjugant always occurs a t the point of the conjugation tube midway between the two cells, where the wall is presumably the softest, is in keeping with this hypothesis (see Fig. 2 ). Hansenula wingei is an ideal organism for studying the physiology of conjugation, since the strong attraction between cells of opposite mating types makes it possible to aerate agglutinated cells extensively and to handle them easily in physiological experiments .
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